I N T R O D U C T I O N
Excitation -contraction (E -C) coupling is the process by which muscle contracts in response to depolarization of its surface membrane during an action potential. Depolarization permits a Ca 2+ infl ux via the L-type calcium channels and a small increase in cytoplasmic [Ca 2+ ]. In the heart, this activates Ca 2+ release channels (RYR2) in the SR via their cytoplasmic Ca 2+ activation sites. The subsequent release of Ca 2+ from the SR leads to a large increase in cytoplasmic [Ca 2+ ], which is the signal for contraction (i.e., systole). The increase in cytoplasmic [Ca 2+ ] strongly reinforces RYR activation and SR Ca 2+ release, a process known as CICR. The process of CICR underlies the large amplifi cation of the Ca 2+ signal in which the SR supplies up to 95% of the Ca 2+ entering the cytoplasm during systole (i.e., the amplifi er gain of ‫ف‬ 20) ( Fabiato, 1985 ) . During diastole, the cytoplasmic [Ca 2+ ] decreases as Ca 2+ is sequestered into the SR by the ATP-driven Ca 2+ pump (SERCa2) and extruded from the cell via the Na + /Ca 2+ exchanger in the surface membrane. As a result of these Ca 2+ uptake and release mechanisms, the free [Ca 2+ ] within the SR varies Correspondence to Derek R. Laver: D e r e k . L a v e r @ n e w c a s t l e . e d u . a u Abbreviations used in this paper: BAPTA, 1,2-bis(o-aminophenoxy)ethane-N , N , N ' , N ' -tetraacetic acid; E -C, excitation -contraction. between ‫ف‬ 0.3 and 1.0 mM during normal cardiac cycling ( Ginsburg et al., 1998 ; Bers, 2001 ) .
The Ca 2+ content of the SR is a strong stimulator of CICR and a major determinant of E -C coupling gain ( Fabiato and Fabiato, 1977 ) . The dependence of Ca 2+ release on SR Ca 2+ content is a fundamental process underlying the function of smooth and cardiac muscle. It is believed that the cyclic variations in SR free [Ca 2+ ], and its cyclic modulation of the E -C coupling gain constitutes a pacemaking mechanism in addition to that driven by the surface membrane current in pacemaking cells ( Van Helden, 1993 ; Van Helden and Imtiaz, 2003 ; Vinogradova et al., 2005 ) . Moreover, aberrant regulation of Ca 2+ release by store load has been shown to generate cardiac arrhythmias ( Venetucci et al., 2008 ) .
Single-channel studies of RYRs using artifi cial bilayers have now shown that the activity of RYRs is modulated by luminal Ca 2+ ( Sitsapesan and Williams, 1994 ; HerrmannFrank and Lehmann-Horn, 1996 ; Tripathy and Meissner, 1996 ; Gyorke and Gyorke, 1998 . During Ca 2+ release in frog muscle ( Somlyo et al., 1985 ) , approximately half of the Ca 2+ that is lost from terminal cisternae is replaced by Mg 2+ . Hence, over the course of the heartbeat, the free Mg 2+ concentration in the SR most likely cycles between 0.7 mM in diastole and 1.0 mM in systole. However, no one has yet identifi ed any role for luminal Mg 2+ in regulating Ca 2+ release from the SR. One study has measured the effect of luminal Mg 2+ on RYRs ( Xu and Meissner, 1998 ) , which reported that physiological concentrations of luminal Mg 2+ had no signifi cant effect on the RYR2 in the presence of elevated cytoplasmic [Ca 2+ ]. Here, we measure the effects of luminal Mg 2+ on RYR2 over a range of cytoplasmic and luminal [Ca 2+ ] and identify a novel, high affi nity inhibition of RYR2 by luminal Mg 2+ .
In the previous formulation of the luminal-triggered Ca 2+ feedthrough, a phenomenological set of equations was used to describe the action of Ca 2+ binding at each site ( Laver, 2007a ) . Here, we extend this model in two ways. First, we account for inhibition by luminal and cytoplasmic Mg 2+ by allowing for competitive binding of Ca 2+ and Mg 2+ at the A-, L -, I 1 -, and I 2 -sites. This predicts an important physiological role for luminal Mg 2+ in cardiac muscle. Second, we reconcile the luminal-triggered Ca 2+ feedthrough model with the homotetrameric structure of the RYR using a similar approach to Zahradnik et al. (2005) , who were the fi rst to interpret its cytoplasmic Ca 2+ activation in this way. Kinetic schemes now explicitly include contributions to channel gating from identical sites on the four RYR subunits.
M AT E R I A L S A N D M E T H O D S
Lipid Bilayers, Chemicals, and Solutions. SR vesicles (containing RYR2) were obtained from sheep hearts and reconstituted into artifi cial lipid bilayers as described previously ( Laver et al., 1995 ) . Lipid bilayers were formed from phosphatidylethanolamine and phosphatidylcholine (8:2 wt/wt) in 50 mg/ml n-decane. Vesicles were added to the cis solution and vesicle incorporation with the bilayer occurred as described by Miller and Racker (1976 Solutions were pH buffered with 10 mM TES ( N -tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid; MP Biomedicals) and solutions were titrated to pH 7.4 using CsOH (optical grade from MP Biomedicals). Free [Ca 2+ ] up to 10 μ M was buffered with 4.5 mM 1,2-bis(o-aminophenoxy)ethane-N , N , N ' , N ' -tetraacetic acid (BAPTA; obtained as a tetra potassium salt from Invitrogen) and titrated potential and luminal [Ca 2+ ] ( Xu and Meissner, 1998 ; Laver, 2007a ) that indicate the presence of both Ca 2+ -dependent activation and inhibition mechanisms ( Tripathy and Meissner, 1996 ) . The effects of luminal Ca 2+ have been attributed in different studies to either Ca 2+ sites on the luminal side of the RYR2 ( Sitsapesan and Williams, 1995 ) or to cytoplasmic Ca 2+ sites via the fl ow of Ca 2+ through the pore " Ca 2+ feedthrough " ( Herrmann-Frank and Lehmann-Horn, 1996 ; Xu and Meissner, 1998 ) . It has been suggested that luminal regulation of RYRs could somehow involve Ca 2+ -sensing mechanisms on both the luminal and cytoplasmic sides of the membrane ( Sitsapesan and Williams, 1997 ; Gyorke et al., 2002 ) . A recent single-channel study has shown that Ca 2+ regulation of RYR2 is due to a process of " luminal-triggered Ca 2+ feedthrough " (see Fig. 1 A ) , in which both luminal and cytoplasmic Ca 2+ sites meditate channel activation, and where these sites are functionally linked by Ca 2+ feedthrough ( Laver, 2007a ) . This process involved three Ca 2+ -sensing mechanisms on both the luminal and cytoplasmic side of the RYR. These were (1) a novel luminal Ca 2+ activation site ( L-site; 40-μ M affi nity), (2) the well-described cytoplasmic Ca 2+ activation site ( A-site; ‫ف‬ 1-μ M affi nity), and (3) a novel cytoplasmic Ca 2+ inactivation site ( I 2 -site; ‫ف‬ 1-μ M affi nity. There is also a low affi nity Ca 2+ /Mg 2+ inhibition site ( I 1 -site, previously referred to as the I-site) ( Laver, 2007a ( Laver, , 2007b .
Less recognized, but of similar general importance to Ca 2+ , is Mg 2+ , which antagonizes the excitatory effects of Ca 2+ . Magnesium in the cytoplasm (9 mM) is buffered by ATP ( ‫ف‬ 8 mM) so that the free cytoplasmic [Mg 2+ ] is ‫ف‬ 1 mM ( Godt and Maughan, 1988 ) . Mg 2+ defi ciency has been linked to hypertension, cardiac arrhythmia, and sudden cardiac death ( Eisenberg, 1992 ; Seelig, 1994 ; Touyz, 2004 ; Tong and Rude, 2005 ) . Cytoplasmic Mg 2+ is an inhibitor of RYRs, and it is now understood that it inhibits RYRs by a dual mechanism ( Meissner et al., 1986 ; Laver et al., 1997 ] in the cytoplasm and lumen should be similar. In resting frog muscle, the total [Mg 2+ ] in the terminal cisternae is approximately half that of Ca 2+ ( Somlyo et al., 1985 ) . Because the calsequestrin (the main Ca 2+ chelator in the SR) has about the same affi nity for Ca 2+ and Mg 2+ ( Ikemoto et al., 1974 ) , it is likely that the free [Mg 2+ ] will also be approximately
R E S U LT S

Inhibition of Cardiac RYRs by Luminal Mg
2+
To explore the action of Mg 2+ binding to the luminal facing L-site of RYR2, we measured the effect of luminal Mg 2+ on RYR2 under experimental conditions previously shown to highlight channel gating associated with the L -site ( Fig. 1 B ) 2+ large enough to affect the L -site when their cytoplasmic concentrations exceed 0.1 mM. However, we cannot detect the effect of retrograde feedthrough because we show later that under these conditions the L -site does not contribute signifi cantly to channel gating. Fig. 2 shows the activity of a representative cardiac RYR under these conditions. In accord with previous fi ndings ( Laver, 2007a ) , RYRs were more active at Ϫ 40 mV than at +40 mV. The addition of sub-mM levels of luminal Mg 2+ was found to strongly inhibit the channel at both positive with CaCl 2 . Free [Ca 2+ ] between 10 and 50 μ M in the luminal solution was buffered with either sodium citrate (up to 6 mM in the absence of Mg 2+ ) or dibromo BAPTA (up to 2 mM). Determination of free [Ca 2+ ] up to 100 nM was estimated using published association constants ( Marks and Maxfi eld, 1991 ) and the program " Bound and Determined " ( Brooks and Storey, 1992 ] was determined using the estimates of ATP purity and effective Mg 2+ binding constants determined previously under experimental conditions ( Laver et al., 2004 ) . ATP was obtained as sodium salts from Sigma Chemicals. During recordings, the composition of the cis solution was altered either by the addition of aliquots of stock solutions or by local perfusion of the bath. The local perfusion method allowed solution exchange within ‫ف‬ 1 s between solutions in random sequence ( O ' Neill et al., 2003 ) . The perfusion method allowed us to apply solutions to the RYR in which free [Ca 2+ ] and [Mg 2+ ] had been accurately adjusted.
Acquisition and Analysis of Ion Channel Recordings.
Recording and analysis of ion channel activity were performed as described previously ( Laver, 2007a ) . Electrical potentials are expressed using standard physiological convention (i.e., cytoplasmic side relative to the luminal side at virtual ground). Measurements were performed at 23 ± 2 ° C. During experiments the channel currents were recorded using a 50-kHz sampling rate and 5-kHz low pass fi ltering. Before analysis the current signal was digitally fi ltered at 1 kHz with a Gaussian fi lter and resampled at 5 kHz. Unitary current and time-averaged currents were measured using Channel2 software (P.W. Gauge and M. Smith, Australian National University, Canberra, Australia). Mean open and closed durations were generally calculated from recordings of 100 -1,000 opening events. However, under conditions that produced extremely low channel activity, the mean durations were obtained from as few as 25 events covering > 400 s of recording (sampling error of < 25 Ϫ 1/2 , i.e., < 20%). ( Fig. 3 A ) , via reductions in both opening frequency, F o ( Fig. 3 B ) , and mean open time, o ( Fig. 3 C ) . The kinetics of inhibition were quantifi ed by fi tting the data to the Hill equation (fi ts not depicted). The fi t parameters for the data in Fig. 3 seen at negative membrane potentials ( Fig. 3 ) with those at positive potentials that oppose the fl ow of Mg 2+ through the channel ( Fig. 4 ) . Ion conduction models ( Tinker et al., 1992 ) predict that at +40 mV the Mg 2+ fl ux is 10-fold less than at Ϫ 40 mV so that the Mg 2+ inhibition will be more dependent on luminal facing sites and less dependent on cytoplasmic sites. Fig. 4 ] for half-inhibition, and n i is the Hill coeffi cient. Similar equations were used to fi t F o and o . The equations were fi tted with the data using the method of least squares. n is the number of channels studied. a The Hill coeffi cient was fi xed during fi tting.
TA B L E I
A Summary of the Hill Fit Parameters for Luminal Mg 2+ Inhibition of Cardiac RYRs
] L sensitivity of F o is consistent with it being associated with luminal facing sites on the RYR2, as one would expect from a closed channel (the rate of channel openings is a property of the closed channel).
If ]. Data points show the mean ± SE, with labels indicating the number of samples (corresponding points in B and C have the same sample numbers). Note that the data in B and C is taken from a subset of channel recordings used in A. This is because not all recordings used in P o measurements were suitable for determining F o and o . The parameters derived from fi tting Hill curves to the data are listed in Table I . The solid curves show theoretical fi ts to the data of the luminal-triggered feedthrough model as discussed in Results. The model parameters are listed in Table V . ] but had a substantial effect on the Mg 2+ dependence of o . Data points show the mean ± SE. Labels indicate the number of samples for +40 mV (corresponding points in B and C have the same sample numbers). Sample numbers for Ϫ 40 mV data are displayed in Fig. 3 . The parameters derived from fi tting Hill curves to the data are listed in Table I . The solid curves show theoretical fi ts to the data of the luminaltriggered feedthrough model as discussed in Results. The model parameters are listed in Table V . ( Laver, 2007a ) , which is an order of magnitude faster than the maximal triggering rates observed with the L-site (10 Hz). ( Table I , nos. 1 and 11), and the inhibition was virtually abolished at positive membrane potentials that oppose Mg 2+ feedthrough ( K i > 100 mM; Table I , no. 12). These values of K i tally well with the description of [Mg 2+ ] L inhibition at 4 μ M cytoplasmic Ca 2+ reported by Xu and Meissner (1998 kinetics associated with the A-site. The experimental conditions were designed so that channel openings were triggered primarily by the A -site. Therefore, we kept [Ca 2+ ] L below 10 μ M to minimize triggering by the L-site ( Fig.  7 , ᭹ ) or the membrane potential was +40 mV ( Fig. 8 , ᭺ ] C until it plateaued to ‫ف‬ 1,000 Hz at high concentrations. Corresponding measurements of o show an increase in two stages: o increases from 1 to 4 ms over the [Ca 2+ ] C range 100 nM to 1 μ M, and then from 4 to 20 ms between 10 and 100 μ M. In the higher range of [Ca 2+ ] C , we noticed substantial scatter in channel kinetics, which was associated with the modal gating phenomenon reported previously ( Laver et al., 1995 ) . Measurements at Ϫ 40 mV revealed another aspect to the [Ca 2+ ] C dependence of F o ( Fig. 7 , ᭹ ] C , increasing by a factor of 10 between 1 and 100 nM. Table V . of channel activation via the A-site over the [Ca 2+ ] L range of 0 to 0.1 mM and inactivation via the I 2 -site at higher [Ca 2+ ] L ( Laver, 2007a . This is the converse of our earlier result ( Fig. 6 ) showing competition between luminal Mg 2+ and cytoplasmic Ca 2+ . In Fig. 9 Our previous study ( Laver, 2007a ) characterized the channel gating kinetics associated with three Ca 2+ sites ( A-, L -, and I 2 -sites) on the RYR2 and/or associated proteins that underlie regulation of RYR2 by cytoplasmic and luminal Ca 2+ (see schematic representations in Fig. 1 ( Fig. 8 ) . These results indicate that cytoplasmic Ca 2+ and Mg 2+ compete for the A-site as proposed by previous studies ( Meissner et al., 1986 ; Laver et al., 1997 ) , and they also provide the basis for quantifying the action of luminal Mg 2+ at the A-site in the luminal-triggered Ca 2+ feedthrough model (see below). The effects of luminal Ca 2+ on RYR inhibition by cytoplasmic Mg 2+ are shown in Fig. 9 . These experiments were designed so that most channel-triggering events were due to the interaction of luminal Ca 2+ with the L -site (i.e., [Ca 2+ ] C = 0.1 μ M). ( Fig. 9 B , ᭺ ) refl ecting reinforcement Zahradnikova and Zahradnik [1995] ] C can trigger channel openings at high rates (1 kHz in Fig. 7 A ) , whereas the maximum for [Ca 2+ ] L alone is much lower (10 Hz in Figs. 3 B, 4 B, and 8 C ) . This indicates that the A -site can promote high activity, whereas the L -site can only promote low activity. (3) Although [Mg 2+ ] L inhibits triggering of the channel by [Ca 2+ ] L , it does not prevent its triggering by [Ca 2+ ] C ( Fig. 6 A , ٗ and ᭹ ) ). The Ca 2+ current through the RYR, I Ca (pA), leads to an increase in the concentration of Ca 2+ in the micro domain of the pore mouth. According to ion diffusion theory ( Stern, 1992 ) , the Ca 2+ concentration profi le, [Ca 2+ ] r at a distance, r (nm), is given by: 
A similar equation (Eq. 4) is used for [Mg 2+ ] at the A -site: Tables III and IV ). ( ␥ = 60 s Ϫ 1 ) when either three or four subunits are in the H state (see Table II A for the conditions for the H, L, and C states), (2) an intermediate opening rate ( ␤ = 7 s Ϫ 1 ) when at least three subunits are not in the C state and at least one subunit is in the H state, and (3) a low opening rate ( ␣ = 1 s Ϫ 1 ) when no subunits are in the H state but at least three are in the L state. The closing rate of the gating mechanism is relatively fast ( ␦ = 1,500 s ) when all four are in the H state. It has been shown ( Laver, 2007a ) that opening rate associated with the L-site is voltage dependent. This effect can be accommodated in the model by introducing a voltage dependence in ␣ and ␤ ( Fig. 10 ) . The various subunit stoichiometries, their probabilities, and associated opening and closing rates are summarized in Table III . To calculate mean open and closed times, the gating scheme for the A-and L-sites can be simplifi ed to the two states shown in Fig. 10 (scheme 2) . To calculate the total opening and closing rates of the A-site, we use the simplifying assumption that the transition rates between stoichiometries are faster than the O « C transi tions. Estimates of the Ca 2+ on and off rates at the A-site are 2 × 10 8 (Ms) Ϫ 1 and 200 s Ϫ 1 , respectively ( Schiefer et al., 1995 ) , suggesting that the O « C transition rates are not likely to be slower than those for transitions between stoichiometries. Hence, we approximate the total opening and closing rates, ␣ ' and ␦ ' , respectively, by the sums of the rates (the R terms) associated with the 10 subunit stoichiometries ( P S ; Table III ) weighted by the open and closed state probabilities ( P SO and P SC , respectively). one can calculate the probability that each subunit will contribute to high activity, low activity, and closed states of the channel, P H , P L , and P C , respectively.
TA B L E I I
A Summary of the Functional Outcomes of the Various Binding States of the Luminal L -Site and the Cytoplasmic A -and I 2 -Sites Derived from the Data
where the K terms are the Ca 2+ and Mg 2+ binding affi nities for the A-and L-sites as indicated by the subscripts.
Here, we present [Ca 2+ ] C dependencies of o and F o over an extended range (six orders of magnitude) to reveal new aspects of luminal and cytoplasmic Ca 2+ activation. This data provides several clues about how the A-sites on each of the four RYR subunits contribute to channel gating. The fact that F o increases as the third power of [Ca 2+ ] C over the range of 1 -10 μ M ( Fig. 7 A ) ] C indicate the existence of specifi c cooperative interactions between the luminal-and cytoplasmictriggered gating mechanisms (see below). Finally, the large increase in o at high [Ca 2+ ] C ( Fig. 7 B ) points to a stabilizing of the open conformation occurring when Ca 2+ is bound to A-sites on all four subunits. To account for all these properties, we propose a gating scheme in which the gating mechanism has (1) a high opening rate . Also shown are their corresponding simplifi ed schemes (schemes 2 and 4) and the overall scheme (scheme 5) resulting from the combined action of activation and inactivation. The reaction rates in scheme 5 have complex dependencies on [Ca 2+ ] and [Mg 2+ ], and these are derived in Eqs. 2 -13. Reaction rates that depend on the Ca 2+ and Mg 2+ concentrations at the cytoplasmic pore mouth will depend on the permeability of these ions in the channel (Eqs. 1 -4). Hence, they are given subscripts " o " and " c " to indicate the different rates associated with open and closed channels, respectively. In scheme 5, the open and closed status of the channel associated with each kinetic state is indicated by the subscripts " O " and " C, " respectively.
Ca K
sites are occupied on all four subunits ( = 0). The subunit stoichiometries associated with the I 2 -sites, their probabilities, and associated opening and closing rates are summarized in Table IV . The gating scheme can be simplifi ed to the two states shown in Fig. 10 (scheme 4) in which the opening and closing rates, ' and ' , respectively, are given by:
We fi nd that as [Ca 2+ ] C is increased to mM levels, o decreases again as a result of the I 1 -site. Even though the degree of Ca 2+ /Mg 2+ inhibition is minor at 1 mM ( < 10% change in P o ; not depicted), it has a substantial effect on o . The contribution of the I 1 -site to inactivation is included in the model as an additional empirical term in the inactivation rate involving in Eq. 13. The existence of the I 1 -site has been known for some time. It was ( Figs. 7 B , ᭺ , and 9 B, ᭺ ) ( Laver, 2007a ) . Although we were unable to resolve an effect of Mg 2+ binding to the I 2 -site in this study (see below), we make the initial proposition that inactivation is promoted when either Ca 2+ or Mg 2+ bind to the I 2 -site (Table II B ). The probability that each subunit will contribute to inactivation (I), P I , is given by: 
In this study, we found a substantial decrease in o between 0.1 and 10 μ M [Ca 2+ ] C , followed by an increase in o at [Ca 2+ ] C above 10 μ M (e.g., Fig. 7 B , ᭺ ) . This onset and alleviation of inactivation could be explained by a model in which inactivation occurs when the I 2 -sites on three subunits are occupied ( = 800 s Ϫ 1 ) but not when 
The kinetic scheme for channel gating is shown in Fig. 10 (scheme 1 ). States C, L, and H depend on Ca 2+ and Mg 2+ binding to the A-and L-sites, which is described in Table II A. Subunit stoichiometries ( i = 1 -5) are the combinations of four active subunits that produce channel openings and stoichiometries 6 -9 are combinations of three active subunits. Other stoichiometries are deemed not to produce channel openings. Associated with each stoichiometry is the channel opening and closing rate constants, the probability that the channel has that stoichiometry, and the probabilities of the channel open and closed states. Values for the rate constants are given in Table V ] C = 10 μ M. This probably refl ects the existence of subtle inter-subunit interactions in the RYR that are not included in the current model. We were unable to detect any inhibition of RYR2 resulting from Mg 2+ binding to the I 2 -site. The reason for this is that Mg 2+ has a strong inhibitory effect at the A-site that probably masks any effect that it has at the I 2 -site. We found that adjusting the Mg 2+ affi nity of the I 2 -site in the model did not infl uence the overall fi t of the model to the data. Therefore, we have assumed that Mg 2+ binding to the I 2 -site did not have a signifi cant role in regulating RYRs in bilayer or in the cell and have omitted this binding reaction from the model. The model parameters are listed in Table V ] L could not be explained by the independent triggering of channel openings by the A-and L-sites as proposed in the previous study ( Laver, 2007a ) . According to that model, F o should be virtually independent of [Ca 2+ ] C over the range of 1 -100nM when [Ca 2+ ] L is in the range of 100 -1,000 μ M. previously referred to as the I -site and was found to underlie low affi nity ( ‫ف‬ 10 mM) Mg 2+ inhibition ( Laver et al., 1997 ) . Because the effects of this site are minor, we have not developed a full allosteric scheme for this gating mechanism.
The combined effects of activation and inactivation mechanisms in schemes 2 and 4 in Fig. 10 were calculated by combining these into a four-state scheme ( Fig. 10 , scheme 5) . The theoretical mean opening frequency (1/ c ) and mean open times were calculated from scheme 5 using the Q-matrix method of Hawkes (1981 and 1987 ] C > 10 μ M ( Figs. 7 B , ᭺ and ᭹ , and 8 B, ᭺ ) without the benefi t of an adjustable parameter. The model parameters ( Table V ) are only slightly different to the values quoted for the empirical predecessor of this model ( Laver, 2007a ; the data obtained here is consistent with this previous study). The kinetic scheme for channel gating is shown in Fig. 10 (scheme 3) . States O and I depend on Ca 2+ and Mg 2+ binding to the I 2 -site, which is described in Table II B. Three inactivated subunits are needed to permit channel inactivation. Associated with each stoichiometry is the channel opening and closing rate constants, the probability that the channel has that stoichiometry, and the probabilities of the channel open and closed states. Values for the rate constants are given in Table V in RYR2. First, there is two orders of magnitude difference in the maximal opening frequencies attainable with the L-and A-sites. Second, the A-site has a relatively high (1.2 μ M) Ca 2+ affi nity, which is ‫ف‬ 50-fold selective for Ca 2+ over Mg
2+
, whereas the L-site has the same low affi nity for Ca 2+ and Mg
. Finally, Mg 2+ has different inhibitory actions at the A-and L-sites. Mg 2+ at the L-site inhibits simply by preventing luminal Ca 2+ activation, whereas Mg 2+ binding to the A-site will close the channel even if Ca 2+ is bound to the L-site. Therefore, just like we have previously seen in skeletal RYRs ( Laver et al., 2004 ) , Mg 2+ at the A-site is an antagonist that does not simply prevent Ca 2+ activation; it closes the channel even if it has been opened by another process (e.g., L-site activation).
Models incorporating several subunit interaction schemes were tested (see Results), but the only scheme that fi tted the data was one in which channel activation or inactivation required ion binding to corresponding sites on at least three subunits. The same requirement for three subunits has also been reported for cytoplasmic activation of the IP 3 R calcium release channels ( Shuai et al., 2007 ) , indicating that similar molecular mechanisms may underlie gating in these closely related channels. Here, we develop the fi rst subunit-based model for both luminal and cytoplasmic regulation of any Ca 2+ release channel type. The synergistic activation by luminal and cytoplasmic Ca 2+ was explained by a process in which channel opening required at least three active subunits where each subunit may be activated from both luminal and cytoplasmic sides. Although the molecular structure of the divalent cation sites has not been determined, bilayer studies have showed that the luminal proteins, calsequestrin, triadin, and junctin, play an important role in regulating the RYR2 response to luminal Ca 2+ ( Gyorke et al., 2004 ) . RYR2 incorporated into lipid bilayers from SR vesicles appear to retain their association with these luminal proteins ( Gyorke et al., 2004 , and Beard, We also investigated schemes in which Ca 2+ binding at either A-or L -sites modifi ed either the affi nity and/or gating rates associated with the contra-lateral site. However, these models predicted that a [Ca 2+ ] L increase from 10 to 100 μ M would cause a 10-fold increase in F o in the presence of [Ca 2+ ] C in excess of 10 μ M, whereas our data shows that the effect of [Ca 2+ ] L is very small once [Ca 2+ ] C exceeds 1 μ M. Our proposal that the channel opens when three or more subunits get activated via L -or A -sites fi tted well with the data. We also explored a model in which channel openings could be triggered by combinations of at least two active subunits and another model where four active subunits were required for a channel opening. These models could not fi t simultaneously the [Ca 2+ ] C dependencies of o and F o . In the case when two subunits could trigger an opening, we were unable to generate an increase in o as [Ca 2+ ] C increased from zero to 1 μ M at the same time as fi tting the [Ca 2+ ] C dependencies of F o . When four subunits were required to trigger openings, we were unable to generate any increase in o with increasing [Ca 2+ ] C .
D I S C U S S I O N
The data reveals a multiplicity of mechanisms by which luminal and cytoplasmic Ca 2+ and Mg 2+ can regulate RYR2. We show that Ca 2+ /Mg 2+ regulation of RYR2 involves two Ca 2+ activation mechanisms ( L-and A-sites) and two inactivation mechanisms ( I 1 -and I 2 -sites) associated with different parts of the RYR molecule ( Fig. 1 ) potential is biased against Mg 2+ feedthrough ( Fig. 4 C ) . Collectively, these results strongly support the existence and importance of feedthrough regulation of RYR2 in vitro. ( Laver, 2007a ( Laver, , 2008 . The converse has already been found to hold true for the cytoplasmic agonists ATP ( Laver, 2007a ) and activating peptide DPc10 ( Laver et al., 2008 ) ( Fig. 9 B , ᭺ and dashes) . Moreover, in the presence of ATP, [Mg 2+ ] C , which reduces o by shifting its [Ca 2+ ] C dependence to higher concentrations ( Fig. 8 B ) , reduces the [Ca 2+ ] L dependence of o ( Fig. 9 B , ᭺ and ᭹ ), and this effect of [Mg 2+ ] C is in close alignment with predictions of the model.
Physiological Implications
Applying the Model to Ca 2+ Release in Cardiomyocytes. To gain an understanding of how RYRs might be regulated by Ca 2+ and Mg 2+ in cardiomyocytes, we extrapolate the luminal-triggered feedthrough model to the physiological situation. This is done here in four respects: (1) The free concentrations of Mg 2+ in the cytoplasm and lumen are both set to 1 mM to match the likely intracellular concentrations (see Introduction); (2) The membrane potential across the SR membrane is considered to be zero. Although this has not been directly measured, electron probe analyses indicate that SR potentials are near zero at rest and during tetanus in skeletal muscle ( Somlyo et al., 1981 ; Baylor et al., 1984 ) ; (3) Several studies have now proposed that divalent ions on the luminal side of the membrane can fl ow through the pore and bind to sites on the cytoplasmic domain of the RYR and regulate channel activity. This proposal is based on several lines of evidence. First, RYR sensitivities to both activation and inhibition by luminal Ca 2+ are closely correlated with the magnitude of Ca 2+ feedthrough ( Tripathy and Meissner, 1996 ; Laver, 2007a ( Tripathy and Meissner, 1996 ) . Finally, the effects of luminal and cytoplasmic Ca 2+ are not additive, indicating that Ca 2+ competes for the same activating and inactivating sites from opposite sides of the membrane ( Laver, 2007a ) .
We can estimate the distances of the A -and I 2 -sites from the pore mouth by substituting the experimentally derived ratios of local [Ca 2+ ]/ I Ca at each site ( X Ca and Y Ca in Table V ) into Eq. 1b and solving for the variable r in each case. Thus, we estimate that the A-and I 2 -sites are 16.5 and 34 nm from the pore, respectively. Given that the RYR protein does not extend beyond 20 nm from the pore mouth, it is likely that the I 2 -site involves inhibitory effects via interacting accessory proteins. A candidate for this is calmodulin, which has been shown to cause Ca 2+ -dependent inactivation of cardiac RYRs in lipid bilayers ( Xu and Meissner, 2004 ) .
Here, we have used the antagonistic effects of Ca
2+
and Mg 2+ on o to provide stronger tests for the presence of feedthrough-mediated regulation of the channel (during openings it is possible for luminal Ca 2+ and Mg 2+ to have access to cytoplasmic domains of the RYR via the pore). Our data ( Fig. 8 B ) and those of others ( Xu and Meissner, 1998 ) ( Fig. 6 B ) , indicating that cytoplasmic Ca 2+ and luminal Mg 2+ compete for a common site (the A-site). In the converse experiment, we found that luminal Ca 2+ alleviated the effect of cytoplasmic Mg 2+ on o ( Fig. 8 B ) . ( Tinker et al., 1992 ) predicts that the Ca 2+ current through a single RYR during Ca 2+ release will be ‫ف‬ 1 pA per mM of [Ca 2+ ] L , which we expect to cause the cytoplasmic Ca 2+ levels to rise to 167 μ M/ mM [Ca 2+ ] L at the A-site and 80 μ M/mM [Ca 2+ ] L at the I 2 -site. The contribution of Ca 2+ feedthrough can be seen by comparing the solid curve with the dashed curve (labeled I Ca = 0 in Fig. 11 B ) ] L dependence of overall RYR activity as it had no effect on F o ( Fig. 11 A ) ( Stern, 1992 ) for the Ca 2+ buffering conditions in the cytoplasm as follows: In the cell, the cytoplasmic Ca 2+ buffering is believed to be equivalent to that provided by ‫ف‬ 0.05 mM EGTA ( Fabiato, 1983 ) , and the Ca 2+ binding rates for intracellular buffers ( k = 10 8 (Ms)
; Sipido and Wier, 1991 ) are 17-fold slower than for BAPTA, which was used in the bilayer experiments. Incorporating these cellular buffering parameters values into Eq. 1a gives [Ca 2+ ] r = 2750 × I Ca / r . (Note that the exponential term in Eq. 1a vanishes because k is very large.) By substituting the values of r for the A -and I 2 -sites (see above), we get the cellular values for X Ca = 2,750/16.5 = 167 μ M/pA and Y Ca = 2,750/34 = 80 μ M/pA. Therefore, the concentrations of Ca 2+ reaching the A-and I 2 -sites on the RYR as a result of feedthrough will be > 10-fold higher in cardiomyocytes than in these bilayer experiments. Note that under diastolic conditions the RYR opening frequency is extremely low ( < 3.0 × 10 Ϫ 4 s Ϫ 1 ) and equates to less than one channel opening per hour, far too infrequent to be reliably measured in bilayer experiments. Examination of the legend for Fig. 11 ( Jiang et al., 2005 ) . Many of these mutations are known to reside in the cytoplasmic domains of the RYR, which raises the question of how can luminal activation be increased by cytoplasmic mutations ( George et al., 2007 ) . The model predicts that the enhanced luminal activation of mutant RYR2 may result from changes in gating associated with either luminal ( L-site) or cytoplasmic ( A-site) domains of RYR2. This is shown in Fig. 11 for the case where the affi nities of these sites to Ca 2+ were increased. The solid line shows the dependencies of F o ( Fig. 11 C ) and o ( Fig. 11 D ) for RYRs studied here. The dashed lines show the predicted outcomes if the Ca 2+ affi nity of the A-site is changed from 1.2 to 0.6 μ M or the affi nity of the L-site is changed from 40 to 15 μ M. ).
